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Abstract
A period of early matter domination can give rise to the correct dark matter abundance for a broad
range of dark matter annihilation rate 〈σannv〉f . Here, we examine this scenario for situations where
〈σannv〉f is below the nominal value for thermal dark matter 3× 10−26 cm3 s−1 as possibly indicated
by some recent experiments. We show that obtaining the correct relic abundance sets a lower bound
on the duration of early matter domination era in this case. On the other hand, provided that the
post-inflationary universe has an equation of state characterized by w ≤ 1/3, the requirement that
the scalar spectral index ns be within the observationally allowed range limits the duration of this
epoch from above. By combining these considerations, we show that the current and future cosmic
microwave background experiments can tightly constrain the parameter space for this scenario. In
particular, models of inflation with a tensor-to-scalar ratio below O(0.01) may disfavor non-thermal
supersymmetric dark matter from a modulus-driven early matter domination epoch.
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1 Introduction
Despite various lines of evidence for the existence of dark matter (DM) in the universe [1], its identity
remains as a major problem at the interface of cosmology and particle physics. Weakly interacting
massive particles (WIMPs) are promising candidates for DM and are the main focus of direct, indirect,
and collider searches that are currently underway to discover DM. A nice mechanism for obtaining the
correct abundance for WIMP DM is the ”WIMP miracle”, which assumes that the universe was in a
radiation-dominated (RD) phase at temperatures about the DM mass mχ. The DM relic abundance in
this picture is set when the annihilation rate of DM particles drops below the Hubble expansion rate,
called ”thermal freeze-out”, and matches the observed value if the annihilation rate takes the nominal
value 〈σannv〉f = 3× 10−26 cm3 s−1. However, the WIMP miracle has come under increasing scrutiny by
the recent experimental data. For example, Fermi-LAT’s results from observations of dwarf spheroidal
galaxies [2] and newly discovered Milky Way satellites [3] place an upper bound on the DM annihilation
rate that is below the nominal value required for the WIMP miracle for a range of DM masses. A recent
analysis [4] shows that in models where DM annihilation is dominated by S-wave processes, thermal
DM with a mass below 20 GeV is ruled out in a model-independent way, while for certain annihilation
channels this will be the case for masses up to 100 GeV. This implies that thermal freeze-out in a RD
universe would lead to overproduction of DM within the corresponding mass range (unless there is P -wave
annihilation or co-annihilation, in which cases the WIMP miracle condition and the indirect detection
limits may be both satisfied).
However, the situation can change in a non-standard thermal history where the universe is not RD at
the time of freeze-out [5]. In particular, it is known that an epoch of early matter domination (EMD) that
ends before the onset of big bang nucleosynthesis (BBN) can accommodate DM annihilation rate below
3 × 10−26 cm3 s−1 [6–9]. Interestingly, an EMD era is a generic feature of an important class of early
universe models arising from string theory constructions (for a review, see [10]). In these models, the
modulus fields are displaced from the minimum of their potential during inflation due to misalignment [11],
and dominate the energy density of the post-inflationary universe due to their long lifetime. Late decay
of moduli reheats the universe to temperatures below the freeze-out temperature Tf , thereby rendering
the WIMP miracle irrelevant in this framework.
The presence of an EMD epoch in the early universe typically decreases the number of e-foldings
between the horizon exit of observationally relevant cosmological perturbations and the end of infla-
tion [12]. However, such a change also affects inflationary predictions for the scalar spectral index ns and
the tensor-to-scalar ratio r [13, 14]. Furthermore, [13] discuses some connections between supersymme-
try, non-thermal DM and precision cosmology.1 This implies that cosmic microwave background (CMB)
experiments may be used to constrain the non-thermal DM production from an epoch of EMD.
1For some related work along this line, see [15,16].
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In this paper, we explore this issue for the case with small DM annihilation rate 〈σannv〉f < 3× 10−26
cm3 s−1. We consider various contributions to the DM abundance and obtain an absolute lower bound on
the duration of the EMD era without making explicit reference to its particle physics origin. We contrast
this with the upper bounds derived from the ns considerations for representative models of inflation that
are compatible with the latest Planck results [17]. We show that the current [17] and future [18] CMB
experiments can tightly constrain the parameter space for an epoch of EMD. In particular, provided that
the post-inflationary universe has an equation of state characterized by w ≤ 1/3, a typical modulus-driven
EMD period as the origin of non-thermal supersymmetric DM may be disfavored for inflationary models
with r . O(0.01).
The rest of this paper is organized as follows. In Section II, we discuss various contributions to DM
production during EMD and derive an absolute lower bound on the duration of this period. In Section
III, we discuss connection to inflationary observables using a parametrization of ns and r that holds for
a large number of inflationary models compatible with the latest observational data. In Section IV, we
present our main results along with some disucusion. Finally, we conclude the paper in Section V.
2 Non-thermal Dark Matter from Early Matter Domination
WIMP miracle, while being a simple and predictive scenario, is coming under increasing pressure by
experiments (for example, see [2, 3]). This motivates studying alternative scenarios of DM production,
which has recently witnessed an increasing activity (for a review, see [19]). A particularly attractive
scenario, as mentioned above, is non-thermal DM production during an epoch of EMD.
An era of EMD can arise from oscillations of a long-lived scalar field. Consider a scalar field φ with
mass mφ and decay width Γφ. Such a field is typically displaced from the true minimum of its potential
during inflation. It starts oscillating about the minimum with an initial amplitude φ0 when the Hubble
expansion rate is Hosc ' mφ. The fractional energy density of φ at the onset of oscillations is given by
α0 ' (φ0/MP)2. Since these oscillations behave like matter, their fractional energy density increases as
α(t) ∝ a(t) ∝ H−1/2 in a RD universe. The oscillations start to dominate the energy density of the
universe when α(t) ' 1. This happens when the Hubble expansion rate is Hdom ' α20mφ,2 at which time
the universe enters an epoch of EMD. Oscillations eventually decay when the Hubble expansion rate is
HR ' Γφ, resulting in a RD universe with the following reheat temperature:
TR '
(
90
pi2g∗,R
)1/4√
ΓφMP, (1)
whereg∗,R is the number of relativisitic degrees of freedom at at temperature TR. 3
2Henceforth, we use α0 instead of (φ0/MP)
2. This will keep our discussion more general as it can be readily applied to
situations where the EMD period is driven by non-relativistic quanta produced in the post-inflationary universe instead of
coherent oscillations of a scalar field (for example, see [20]).
3Here we assume that φ decays perturbatively, which is justified if its couplings to other fields are sufficiently small and
its potential is not very steep.
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Decay of φ is a continuous process and, assuming that decay products are relativistic and thermalize
immediately, it results in a thermal bath during EMD whose instantaneous temperature T follows (for
HR  H  Hdom) [6]:
T =
(
6
√
g∗,R
5g∗
)1/4(30
pi2
)1/8 (
HT 2RMP
)1/4
, (2)
where g∗ denotes the number of relativistic degrees of freedom at temperature T . This thermal bath is
subdominant when H  HR, but carries the entire energy density upon completion of φ decay at HR.
We see from Eq. (1) and Eq. (2) that T  TR for H  Γφ, which implies DM production from thermal
porcesses is possible during EMD. For small DM annihilation rates, 〈σannv〉f < 3 × 10−26 cm3 s−1, the
correct DM abundance can be obtained via thermal freeze-out/freeze-in during EMD [6], or via direct
production at the very end of the EMD epoch [7–9]. 4
We now consider contributions from all of the above processes and derive lower limits on the duration of
the EMD era by requiring that it gives rise to the correct DM abundance. We adopt a model-independent
approach to the EMD phase, which does not make referecne to its explicit particle physics origin, based
on two parameters mφ and TR.
• Decays at the end of EMD: Decay of φ oscillations reheat the universe and produce DM particles
with the following abundance [8, 9]: (nχ
s
)
dec
=
3TR
4mφ
Brφ→χ. (3)
Here Brφ→χ denotes the branching fraction for production of DM particles per φ decay. It includes both
direct and indirect production of DM from φ decay. For example, in supersymmetric models, Brφ→χ
is the branching fraction for decay to R-parity odd particles, with the heavier ones ending up in χ via
cascade decays.
In order to match the observed DM abundance, we need to have:
3TR
4mφ
Brφ→χ ' 5× 10−10
(
1 GeV
mχ
)
. (4)
After using Eq. (1), the relation mφ ' α−20 Hdom, and the fact that TR must be smaller than the DM
freeze-out/freeze-in tempeature during EMD Tf . mχ/5 (as discussed below), we arrive at:
Hdom
HR
& 1010
(
90
pi2g∗,R
)1/2( MP
1 GeV
)
α20 Brφ→χ. (5)
• Freeze-out during EMD: DM freeze-out temperature in the EMD phase typically lies in the range
mχ/25 . Tf . mχ/5, with the exact value depending on the annihilation rate. Since 〈σannv〉f < 3×10−26
4For large annihilation rates, 〈σannv〉f > 3 × 10−26 cm3 s−1, direct production at the end of EMD (with or without
residual annihilation) is the only way to yield the correct DM abundance [21]. The implications of non-thermal DM for
CMB observables in this case are studied in [13], which discusses production of supersymmetric WIMPs from an epoch of
EMD driven by a modulus field.
3
cm3 s−1, DM is overproduced initially but its abundance is diluted as φ decay keeps injecting entropy
until the transition to RD completes. The DM relic abundance due to freeze-out is given by [6]:
Ωχh
2 ' 1.6× 10−4
√
g∗,R
g∗,f
(
mχ/Tf
15
)4( 150
mχ/TR
)3
×
(
3× 10−26 cm3 s−1
〈σannv〉f
)
, (6)
where g∗,f is the number of relativistic degrees of freedom at Tf ,
The contribution from freeze-out must not exceed the observed DM abundance Ωχh
2 = 0.120 ±
0.001 [22]. This, in combination with Eq. (1) and Eq. (2), results in:
Hf
HR
& 4× 10−2 (g∗,R g∗,f)−1/3
(
mχ
Tf
)4/3
×
(
3× 10−26 cm3 s−1
〈σannv〉f
)4/3
. (7)
Since Hdom > Hf , and after using mχ & 5Tf , we arrive at the following relation:
Hdom
HR
& 4× 10−2 (g∗,R g∗,f)−1/3 ×
(
3× 10−26 cm3 s−1
〈σannv〉f
)4/3
. (8)
• Freeze-in during EMD: If 〈σannv〉f is very small, then DM particles will never reach thermal equi-
librium at T > mχ. In this scenario, the DM relic abundance is due to freeze-in of DM production from
annihilaitons of the standard model (SM) particles. The main contribution arises from production at
T ∼ mχ/4 [6]. DM particles produced at higher tempeatures are quickly diluted by the Hubble expan-
sion (when annihilation rate has none or mild dependence on the temperature), while production at lower
temperatures is Botzmann suppressed. The DM relic abundance due to freeze-in is given by [6]:
Ωχh
2 ' 0.062 g
3/2
∗,R
g3∗(mχ/4)
(
150
mχ/TR
)5( TR
5 GeV
)2
×
( 〈σannv〉f
10−36 cm3 s−1
)
, (9)
For a given DM mass, when the number density of DM particles produced via freeze-in becomes compa-
rable to that from freeze-out, it signals a transition between the two regimes. Then the annihilation rate
at which the transition occurs can be roughly estimated by setting the expressions in Eq. (6) and Eq. (9)
equal. However, for an accurate calculation of this transition one needs to solve a set of Boltzmann equa-
tions that also include details of the thermalization of DM particles (including their kinetic equilibrium)
and other species with sizeable interactions with DM must be taken into account. The value of 〈σannv〉f
at transition depends on mχ and TR, which is typically within the 10
−33 − 10−32 cm3 s−1 range.
Requiring that freeze-in contribution does not overproduce DM, and after using Eq. (1) and Eq. (2),
we find:
H(T = mχ/4)
HR
& 4× 103 (g∗,R g5∗(mχ/4))−1/7 ( mχ5 GeV)8/7 ×
( 〈σannv〉f
10−36 cm3 s−1
)4/7
. (10)
Since Hdom > H(T = mχ/4), and for mχ > 5 GeV, this results in the following relation:
Hdom
HR
& 4× 103 (g∗,R g5∗(mχ/4))−1/7 × ( 〈σannv〉f10−36 cm3 s−1
)4/7
. (11)
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Some comments are in order before closing this section. First, the fact that satisfying the DM relic
abundance from EMD sets a lower bound on its duration can be understood intuitively. For 〈σrmannv〉f <
3× 10−26 cm3 s−1, entropy produced at the end of EMD brings down the relic abundance to its correct
value. A longer EMD phase results in a larger entropy release, and hence obtaining enough dilution
requires a minimum duration of this epoch.
Next, we note that Eqs. (5,8,11) provide absolute lower bounds on Hdom/HR. The bounds can become
stronger when values of TR, mχ, and 〈σannv〉f are specified. Also, while the limits from freeze-out and
freeze-in mostly depend on the DM parameters 〈σannv〉f and mχ, that from decays is mainly dependent on
the parameters of the scalar field that drives the EMD phase, namely Brφ→χ and α0, which can broadly
vary for differet particle physics realizations of EMD.
Finally, in the freeze-out scenario Eq. (5) and Eq. (8), and for the freeze-in scenario Eq. (5) and
Eq. (11) must be satisfied simultaneously in order not to overproduce DM during the EMD epoch. In
each case, the minimum duration of the EMD phase is set by the larger of the corresponding lower
bounds. We note that the stronger limit is in general set by Eq. (5). Taking 〈σannv〉f ∼ O(10−33−10−32)
cm3 s−1, where transition from freeze-in to freeze-out typically happens, maximizes the right-hand side
of Eq. (8) and Eq. (11). However, these maximum values are still many orders of magnitude smaller than
the right-hand side of Eq. (5) unless α0 and/or Brχ→φ are extremely small. This implies that satisfying
the lower bound in (5) is generally sufficient to meet the DM relic abundance requirement.
3 Connection to Inflationary Observables
A remarkable success of the inflationary paradigm is that it provides a natural mechanism for generating
the almost scale invariant perturbations. The exact predictions for the values of the scalar spectral index
ns and tensor-to-scalar ratio r depends on the specifics of the model. The predictions for these quantities
depends on the model of inflation (usually specified by the inflaton potential) and the number of e-foldings
between horizon exit of cosmologically relevant perturbations and the end of inflation. In the presence
of an era of EMD, the number of e-foldings of inflation between the time when the pivot scale k∗ = 0.05
Mpc−1 left the horizon and the end of inflation can be written as [12,23]:
Nk∗ ≈ 57.3 +
1
4
ln r −∆Nreh −∆NEMD, (12)
where
∆Nreh ≡ 1− 3wreh
6(1 + wreh)
log
(
Hinf
Hreh
)
, ∆NEMD ≡ 1
6
(
Hdom
HR
)
. (13)
Here Hinf is the Hubble rate duting inflation, Hreh is the Hubble rate when the universe becomes RD
after inflation for the first time, and Hdom and HR (discussed in the previous section) denote the Hubble
rate at the beginning and the end of EMD epoch respectively (where Hdom < Hreh).
The first two terms on the right-hand side of Eq. (12) define a canonical value for Nk∗ in a standard
thermal history where the universe becomes RD immediately after inflation ends. However, the dynamics
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of reheating after inflation (for reviews, see [24]) is in general significantly more complex and may involve
various non-perurbative and perturbative processes that eventually yield a thermal bath of elementary
particles in full equilibrium. The third term on the right-hand side of Eq. (12) takes this into account
with wreh determining the effective equation of state of the universe during transition from inflation to
RD. The last term on the right-hand side of (12) represents the effect of an epoch of EMD on Nk∗ .
Attributing the entire allowed change in Nk∗ from its canoncial value to an EMD era results in a
conservative lower bound on Hdom/HR through Eq. (12) and Eq. (13). First, theoretical arguments and
numerical simulations suggest that generally 0 ≤ wre ≤ 1/3 [25], which implies that inflationary reheating
typically results in ∆Nreh > 0. Also, there could be multiple phases of EMD (which, for example, are
driven by multiple moduli in explicit string coinstrucions [26]). While each EMD phase reduces Nk∗
relative to its canoncial value, only the last one is typically relevant for non-thermal DM productions.
To quantify the connetion between EMD and inflationary observables, we consider the following
parametrization of ns and r in terms of Nk∗ :
ns ' 1− a
Nk∗
, r ' b
N ck∗
. (14)
These relations hold for a large number of inflationary models that are consistent with the latest Planck
results [17]. This includes two important universality classes of single field models discussed in [27].
Class I models satisfy a = c and b ∼ O(10). The prototypical models include Starobinsky inflation [28]
and Higgs inflation [29] for which a = 2 and b ∼ 12.Class I models have a small scalare-to-tensor ratio
r . O(0.01).
Class II models in this class are characterized by b = 8(a − 1) and c = 1. The large field models of
inflation fall within this class. The primary examples are the monomial potentials V (ϕ) ∝ ϕ2(a−1) (a = 2
for the quadratic model [30] and V (ϕ) ∼ ϕ,ϕ2/3 arise in the axion monodromy models [31]). Class II
models have a sizable scalar-to-tensor ratio r ∼ O(0.1).
Also, a new class of inflationary attractor models (called α-attractor) has been recently discussed [32].
These models smoothly interpolate between the models in the above mentioned universality classes (bar-
ring a few models) as the parameter α is varied. For large values of α, these models are reduced to the
monomial models of Class II. On the other hand, for α = 1, the models predict values of ns and r akin to
those in Starobinsky inflation or Higgs inflation of Class I. For smaller values of α, these models predict a
very small r. An important example is Ka¨hler moduli inflation [33], which is obtained for α ∼ 3× 10−8.
The relations in (14) hold for this model with a = 2, c = 3, and b ∼ 10−4. A specific model in supergravity
with α = 1/9 has been proposed by Goncharov and Linde [34].
With the help of Eq. (14), we can find the range Nmink∗ ≤ Nk∗ ≤ Nmaxk∗ that corresponds to the
observationally allowed range nmaxs ≤ ns ≤ nmaxs :
Nmink∗ =
a
1− nmins
, Nmaxk∗ =
a
1− nmaxs
. (15)
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PLANCK18 PLANCK18 + BK14 + BAO
Inflation Models Nmink∗ r(N
min
k∗ ) ∆N
up
EMD N
min
k∗ r(N
min
k∗ ) ∆N
up
EMD
V (φ) ∼ φ4/3 39.4 0.13 17.4 41.2 0.13 15.5
V (φ) ∼ φ 35.5 0.11 21.3 37.1 0.11 19.6
Starobinsky/Higgs Inflation 47.3 0.0054 8.7 49.5 0.0049 6.5
Ka¨hler Moduli Inflation
47.3 9.46 ×
10−10
4.8 49.5 8.24 ×
10−10
2.57
Goncharov-Linde Model (α = 1/9) 47.1 0.00059 8.1 49.3 0.00054 5.8
Table 1: The values of Nmink∗ , r(N
min
k∗ ), and the upper bound on ∆NEMD for representative inflation
models that satisfy Eq. (14) and are compatible with the latest PLANCK results [17]. The left and right
columns correspond to the 2σ range for ns allowed by PLANCK data alone and by PLANCK plus BK14
and BAO data respectively.
Then for wreh ≤ 1/3, which is typically the case as mentioned above, Eq. (12) implies that:
∆NEMD . 57.3−Nmink∗ +
1
4
lnr(Nmink∗ ). (16)
For a specific model of inflation, we can use Eq. (15) to find Nmink∗ and Eq. (14) to determine the value of
r(Nmink∗ ). Substituting these in Eq. (16) will then give the upper bound on ∆NEMD. We note that larger
values of Nmink∗ and/or smaller values of r yield a stronger upper limit on ∆NEMD.
4 Constraints on Non-thermal Dark Matter
In this section, we combine DM considerations and limits from CMB experiments, to constrain non-
thermal DM from an epoch of EMD. According to the latest Planck results [17], the scalar spectral index
2σ allowed range for the ΛCDM+r model from Planck data alone and from Planck plus BK14 and BAO
data is given by ns = 0.9659 ± 0.0082 and ns = 0.9670 ± 0.0074 respectively. Future CMB experiments
are expected to shrink the error bar on ns by a factor of ∼ 2 [18].
In Table. 1, we show the values of Nmink∗ , r(N
min
k∗ ), and the upper bound on ∆NEMD for representative
models of inflation that are compatible with the latest Planck results. We then use Eqs. (13) and Eq. (16)
to obtain the following inequaltiy:
ln
(
Hdom
HR
)
. 344− 6Nmink∗ +
3
2
lnr(Nmink∗ ), (17)
and apply Eq. (5) to its left-hand side to translate the information in Table. 1 to find constraints in
the α0 − Brφ→χ plane. As mentioned before, the lower bounds on Hdom/HR from freeze-out of Eq. (8)
and freeze-in of Eq. (11)) are typically much weaker than that from decays of Eq. (5), and thus satisfy
Eq. (17) for the entire relevant range of 〈σannv〉f .
In Fig. 1, we include inflationary models in Table. 1 in the α0−Brφ→χ plane. Each model is represented
by a line and part of the plane to the right of that line is disallowed by the latest Planck results. Data
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Figure 1: The allowed regions in the α0-Brφ→χ plane for inflationary models of Table. 1. The left and right
panels correspond to the 2σ range for ns allowed by Planck data alone and PLANCK plus BK14 and BAO data
respectively. Each model is represented by a line, and part of the plane to the right of each line is disallowed. The
entire plane is allowed for monodromy models. The shaded region corresponds to the typical parameter space for
a modulus-driven EMD phase.
from the future CMB experiments [18] will expectedly move these lines to the left and thereby result in
tighter constraints. We note the following interesting observations.
First, Planck results only constrain models with r . O(0.01), while models that have a relatively
large r (namely axion monodromy models) do not show up in the figure. This can be understood from
Eq. (17) where a smaller r lowers its right-hand side, and hence makes the inequality stronger. On the
other hand, the inequality can be satisfied easily for larger values of r and/or smaller values of Nmink∗ (as
is case for axion monodromy models).
Second, the disallowed parts of the parameter space include the typical region for supersymmetric
DM from a modulus-driven EMD era (the shaded area in Fig. 1). Generic arguments based on effective
field theory estimates [35, 36] or explicit calculations [37] give the amplitude of φ at the onset of its
oscillations to be & O(0.1MP), implying that α0 & O(10−2). Also, the branching fraction of moduli
decay to supersymmetric DM typically varies within the range O(10−3) . Brφ→χ . O(1), where the
exact value depends on the explicit string construction and the lower bound is set by the three-body
decay of moduli [9].
As we see in Fig. 1, parts of the parameter space where α0  1 and/or Brφ→χ  10−3 are allowed in
most of the cases. These conditions can be accommodated in situations where a scalar field in the visible
sector drives an EMD phase. A notable example is non-thermal DM from late decay of supersymmetric
flat direction [38]. The initial amplitude of φ in this case is set by the higher order operators that lift the
flatness of its potential, and α0  1 is in general possible [36]. Situations with Brφ→χ  10−3 are also
possible when φ belongs to the visible sector. For example, this can be achieved in the model in [39] where
φ is a visible sector singlet. In this model, DM has no direct couplings to φ. As a result, at the leading
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order, DM production from φ decay occurs at the one-loop (for Bino-type DM) or two-loop (for Higgsino
type DM) level. A combination of loop factors and kinematic suppression can result in Brφ→χ ∼ O(10−8)
or smaller.
Finally, as the future CMB experiments expected to push the allowed parameter space to the lower-
left corner of the α0−Brφ→χ plane, we may need to take the contribution from freeze-out/in during EMD
to DM production into account. It is seen from Eqs. (5,8,11) that the lower bounds on Hdom/HR from
freeze-out/in can become comparable to that from direct decay for α20 Brφ→χ . 10−25. Inclusion of the
freeze-out/in contribution to the DM relic abundance will make the constraints that we have obtained
here stronger.
5 Discussions and Conclusion
We would like to emphasize that the constraints depicted in Fig. 1 are on the conservative side. First,
the upper bounds on Hdom/HR in Eq. (17) are obtained assuming that the universe enters a RD phase
right after inflation. Also, Eq. (5) gives a model-independent absolute lower bound on Hdom/HR in order
to satisfy the DM relic abundance. Including model details of reheating after inflation or considering
specific particle physics realizations of the EMD epoch can make the corresponding inequalities stronger
and therby lead to (much) tighter constraints.
We would also like to note that the CMB limits on ns used here are for the ΛCDM+r model. Both
the mean value and 2σ error of ns in extensions of this model will be different, which can affect our
constraints. Notably, inclusion of dark radiation results in the 2σ allowed range ns = 0.9607
+0.0176
−0.0168 for
Planck data alone and ns = 0.9660±0.0140 for Planck plus BK14 and BAO data [17]. The resulting Nmink∗
from Eq. (15), hence the upper bounds on the duration of EMD from Eq. (17), will be significantly weaker
in this case. Thus future CMB data [18] will likely be needed in order to find constraints comparable to
those in Fig. 1.
In conclusion, we studied viability of non-thermal DM from a period of EMD in light of CMB data.
Motivated by the increasingly tighter upper limits from indirect searches on the DM annihilation rate,
we focused on the case with small annihilation rate 〈σannv〉f < 3× 10−26 cm3 s−1. We found interesting
constraints on the parameter space of the EMD phase by combining the lower and upper bounds on its
duration from the DM relic abundance consideration and the CMB data on the scalar spectral index
respectively. In particular, inflationary models with r . O(0.01) that are compatible with the latest
Planck results may disfavor non-thermal supersymmetric DM from a modulus-driven EMD. This conclu-
sion holds as long as the post-inflationary universe has an equation of state characterized by w ≤ 1/3,
and can become stronger with data from the future CMB experiments.
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